OBJECTIVE: Deep tissue injury (DTI) is caused by prolonged mechanical loading that disrupts blood flow and metabolic clearance. A patient simulator that mimics the biomechanical aspects of DTI initiation, stress and strain in deep muscle tissue, would be potentially useful as a training tool for pressure-relief techniques and testing platform for pressure-mitigating products. As a step toward this goal, this study evaluates the ability of silicone materials to mimic the distribution of stress in muscle tissue under concentrated loading. METHODS: To quantify the mechanical properties of candidate silicone materials, unconfined compression experiments were conducted on 3 silicone formulations (Ecoflex 0030, Ecoflex 0010, and Dragon Skin; Smooth-On, Inc, Easton, Pennsylvania). Results were fit to an Ogden hyperelastic material model, and the resulting shear moduli (G) were compared with published values for biological tissues. Indentation tests were then conducted on Ecoflex 0030 and porcine muscle to investigate silicone's ability to mimic the nonuniform stress distribution muscle demonstrates under concentrated loading. Finite element models were created to quantify stresses throughout tissue depth. Finally, a preliminary patient simulator prototype was constructed, and both deep and superficial ''tissue'' pressures were recorded to examine stress distribution. RESULTS: Indentation tests showed similar stress distribution trends in muscle and Ecoflex 0030, but stress magnitudes were higher in Ecoflex 0030 than in porcine muscle. All 3 silicone formulations demonstrated shear moduli within the range of published values for biological tissue. For the experimental conditions reported in this work, Ecoflex 0030 exhibited greater stiffness than porcine muscle.
INTRODUCTION
Pressure ulcers (PrUs) are a common condition in both persons who use wheelchairs and those unable to sit out of bed. They cost the United States alone more than $1.2 billion 1 and affect 10% of all hospitalized patients. 2 Pressure ulcers can be broadly classified as 1 of 2 types: superficial or deep. 3 Superficial ulcers affect skin layers near the epidermis and are formed as a result of damaging frictional and shear forces in the presence of moisture and heat. 3, 4 Deep PrUs are the focus of this study. These ulcers develop in deep muscle tissue next to bony prominences such as the sacrum, ischial tuberosity, or greater trochanter of the femur. 3, 5, 6 Deep PrUs are caused by prolonged mechanical loading (compression) that interferes with blood flow and clearance of metabolic byproducts. As the deep muscle tissue undergoes necrosis, it becomes stiffer, projecting the mechanical stresses to more superficial tissues, which then bear the mechanical load. 7, 8 Since the injury develops under intact skin, the damage is difficult to detect at early stages. These potentially life-threatening injuries have been termed deep tissue injury (DTI). 9 Biomechanical research 6, 10 has demonstrated that concentrated stresses in deep tissues near bony prominences cannot be readily predicted from surface pressure maps, which are currently a key technology for pressure-related risk assessment. 3, 11 Since DTIs develop deep in the subdermal tissue layer, the use of interfacial pressure mapping to evaluate clinical strategies for DTI prevention, such as cushions, mattresses, and repositioning techniques, can be misleading. 6, 12, 13 If clinicians could more accurately evaluate the stresses that develop within deep muscle tissue, they could provide better information to healthcare providers regarding the ability of repositioning protocols to lessen the local mechanical load at deep, high-risk sites. In addition, clinicians could generate better test protocols for evaluating the effectiveness of pressure-relieving products, such as mattress and cushions, for DTI prevention. These goals can potentially be achieved in the long term by developing a novel patient simulator with biomechanical properties similar to actual human tissues, including compressive properties of muscle tissue and stresses near the bone-muscle interface.
Although a variety of buttock phantoms have been developed for wheelchair-cushion testing, few of these 32, 33 generate information regarding the stress or deformation of deeper material adjacent to a simulated ''bone.'' Those that have been reported were made of polyvinyl chloride cast around a wooden core and thus lacked realistic mechanical properties of biological tissues. 32, 33 Because the composition and microstructure of biological tissue are enormously complex, the construction of a suitably accurate simulator for DTI prevention is a significant challenge. The longterm goal of this work is the development of a simulator that mimics the biomechanical conditions of stress and strain in deep muscle, since local biomechanical factors are acknowledged to play a role in DTI initiation. 6Y8,34,35 As a step toward this goal, this study evaluates the ability of soft silicone materials to mimic specific features of the compressive mechanical behavior of biological muscle tissue. In particular, this study will focus on (1) shear modulus, a mechanical property indicative of how stiff a material feels to the touch, and (2) the ability of a material to mimic the nonuniform stress distribution in tissues subjected to indentationtype loading, such as that which occurs in muscle compressed by a bony prominence. These material features are expected to be among the relevant features necessary for reproducing, in a synthetic environment, the biomechanical conditions associated with DTI initiation. Silicone rubber was selected as a good candidate material for this initial study because of its ability to retain its shape and its resistance to degradation and because it can be readily obtained in different degrees of stiffness to mimic mechanical properties of biological tissue.
The objectives of the study are as follows: Measure the mechanical properties for 3 formulations of silicone using uniaxial unconfined compression experiments, and compare resulting shear moduli to published values for biological tissues (muscle, fat, and skin) tested in compression.
Using an indenter with realistic bony geometry, conduct indentation experiments in both silicone and muscle tissue specimens and examine how pressure varies as a function of distance from the bony prominence (indenter tip).
Demonstrate proof of principle that a prototype patient simulator can be used to obtain internal pressure measurements at multiple tissue depths near a specified bony prominence.
METHODS

Biomechanical Testing
Specimen Preparation. Three formulations of silicone rubber were obtained from Smooth-On, Inc (Easton, Pennsylvania): Dragon Skin, Ecoflex 0010, and Ecoflex 0030. Cylindrical samples (average diameter, 35.8 mm; average height, 24.5 mm) were prepared according to the manufacturer's specifications for uniaxial compression tests by mixing the appropriate 2-part liquid forms of each formulation together and pouring the mixture into a mold. They were then allowed to cure for the recommended amount of time (75 minutes for Dragon Skin, 4 hours for each Ecoflex). During the curing phase, a level was used to verify that the top and bottom of each sample were parallel, in order to avoid asymmetric loading during the uniaxial compression test. For this test series, a total of 18 specimens were produced, 6 of each type of rubber. Each specimen was measured with calipers after demolding to ensure consistent dimensions.
An additional set of 3 Ecoflex 0030 samples (average diameter, 59.3 mm; average height, 26 mm) were prepared for indentation testing using the same preparation methods. Samples of porcine muscle obtained from the local grocer were also prepared to undergo similar testing. Six porcine muscle samples were prepared as cylinders (average diameter, 60.2 mm; average height, 28.2 mm). The specimens were presliced to uniform thickness, and samples were cut using a circular guide and surgical blade.
Uniaxial Unconfined Compression. Uniaxial unconfined compression testing is a standardized method for evaluating the mechanical properties of compliant materials, such as polymers or soft tissues. 14 Uniaxial compression tests were conducted for each silicone specimen using an Electroforce LM1 Test Bench mechanical testing system (Bose Corporation, Eden Prairie, Minnesota) with a 250-N capacity load cell. The uniaxial compression test consisted of loading the specimen at a constant rate (1.0% strain per second) until the selected maximum strain value (25% compression) was reached. The strain rate and maximum strain values were chosen to reflect test conditions that have been previously reported for biological tissues tested in compression. 15, 16 Force and displacement data were recorded in all tests. Force data were converted to engineering stress by dividing by the initial cross-sectional area of the specimen. Displacement data were used to calculate engineering strain as change in length divided by original length. The experimental setup was identical for all 3 silicone formulations. Petroleum jelly was applied to the top and bottom of each sample before testing to reduce the effects of friction.
Indentation Testing. For the indentation experiments, a human sacrum model (3B Scientific, Tucker, Georgia) was mounted to the Bose Electroforce LM1 Test Bench mechanical testing system using a custom-mounting fixture ( Figure 1 ). The spinous tubercle of the bone model was used to indent the specimens. Prior to indentation, 2 Millar Mikro-Tip Pressure Catheters (SPR-524; ADInstruments, Colorado Springs, Colorado) were inserted into the specimens at 2 or 5 mm from the top and bottom surfaces of the specimen, for porcine muscle and Ecoflex 0030 samples, respectively. Pressure sensor locations were termed deep (near the bony prominence) and superficial (distant from the bony prominence) ( Figure 1) . A needle was used to create guide holes for sensor insertion, and the guide holes were prefilled with petroleum jelly to create a smooth coupling between the specimens and miniature pressure sensors. The indentation test consisted of loading the specimen at a constant rate of 0.5 mm/s for 8 seconds. Force and pressure (at both deep and superficial depths) data were recorded in all tests.
Patient Simulator Prototype. Based on the results of the material characterization experiments (Tables 1 and 2) , Dragon Skin was used as muscle, Ecoflex 0010 as fat, and Ecoflex 0030 as skin in the initial simulator prototype. The prototype design was based on approximate human anatomical structure of the pelvis and upper thigh ( Figure 2 ). The external geometry of the simulator was formed using a fiberglass cast from waist to midthigh. The inside of the fiberglass mold was coated with a thin layer of plaster to allow for easy removal of the silicone after molding. A thin layer of the skin simulant material was ''painted'' on the plaster and ultimately formed the outer surface of the simulator prototype. Simulated muscles were created by pouring muscle simulant into separate molds that were previously constructed to mimic the approximate shape of the major muscles of the pelvis and hip region. The muscles were affixed to the bony pelvis (Human Skeleton Model; 3B Scientific) in the corresponding anatomical locations. The bony pelvis with attached muscles was then suspended inside the fiberglass mold in the appropriate anatomical orientation. Simulated fat material (in liquid form) was then poured into the mold, to fill the spaces between the skin layer and the muscles. The fat material was allowed to solidify.
The completed simulator prototype, shown in Figure 2 , was designed to determine whether it is feasible to produce and detect differences in deep internal pressures (near a bony prominence) and more superficial pressures (closer to the skin surface) in simulated soft tissues. Internal pressure data can be transferred from the simulator to the computer, exhibited on screen for immediate feedback, and stored for future analysis ( Figure 2C ). In a preliminary trial, the simulator was instrumented with 2 Millar Mikro-Tip Pressure Catheters (Millar, Inc, Houston, Texas) using the needle-guided insertion technique described above. One pressure sensor was inserted in deep tissue adjacent to the spinous tubercle of the sacrum.
The second sensor was also inserted over the spinous tubercle but in more superficial tissue just beneath the skin. Manual pressure was then applied with an open palm over the instrumented region, and pressures recorded from both sensors. 
Finite Element Modeling
Computational finite element (FE) simulations were developed to create virtual (in silico) models of both types of mechanical tests: uniaxial unconfined compression and indentation. Models of uniaxial unconfined compression were used to determine the mechanical properties ( Table 2 and Appendix) for each silicone formulation, by fitting hyperelastic Ogden model parameters to the average experimental stress-strain results for each silicone formulation. The calculated silicone mechanical properties were then implemented in separate FE simulations of the silicone indentation experiments. Analogous simulations of the porcine muscle indentation experiments were also created, using previously published and validated mechanical property values for muscle. 17 The computer simulations of the indentation experiments were used to quantify the expected stress everywhere in the specimen, from immediately adjacent to the spinous tubercle indenter to the most distant regions from the indenter tip. The models were also used to examine how the stresses in the specimen varied with time, from initial indenter contact until peak indentation was achieved. To validate these model-predicted stress distributions, model output was compared directly against the measured ''deep'' and ''superficial'' pressure values, which were recorded at known depths in the sample throughout the indentation (Figures 3 and 4 ). Results of these comparisons were used to verify the accuracy of the models. Details of the FE model development are provided in the Appendix.
Statistical Analysis
To assess the accuracy of the mechanical property values implemented in the FE simulations for each synthetic tissue analog, linear regression analyses of model output versus experimental values were conducted for each simulation. 18 A slope value near unity indicated a one-to-one relationship between experiment and model, and an R 2 value near unity indicated a high goodness of fit.
RESULTS
FE Model Parameters
Best-fit material constants for all silicone rubber formulations are given in Table 2 . Material constants for muscle 17 are given in Table 3 .
Experimental Results and FE Model Validation
Uniaxial Unconfined Compression. The measured peak stresses for Dragon Skin, Ecoflex 0010, and Ecoflex 0030 were 73.0 T 5.2, 12.1 T 0.75, and 24.0 T 1.7 kPa, respectively (mean T 1 SD). Stress versus strain results are illustrated in Figure 5 , showing experimental data compared with best-fit FE model results for all silicone formulations.
Linear regression (models vs experiments) of the ramp phase of compression showed high goodness of fit (R 2 = 0.999), with slope values at or near unity (slope = 0.99Y1.00, P G .05). These results indicate a good fit of the models to the experimental data, giving confidence in the accuracy of the material property values ( Table 2 ) implemented in the models. Comparison with Biological Tissues. Table 2 shows a summary of the shear modulus values of the 3 silicone rubber formulations, which can be compared against a range of shear moduli for muscle, fat, and skin tissues found in the literature (Table 1) . Biological tissue shear moduli were taken only from studies in which the tissues were tested in compression, because biomechanical property data can vary significantly depending on the test mode used. The shear moduli of all silicone materials evaluated in the present study fell within the range of reported values for shear moduli of muscle, fat, and skin, for biomechanical tests conducted in compression.
Indentation Testing. The model-predicted stress distributions in the tissue, at maximum indentation, are shown in Figures 3A and   4A for Ecoflex 0030 and for porcine muscle, respectively. Model results are presented as normal compressive stress (S22) in the direction of loading. Stresses were then converted to units of millimeters of mercury to facilitate comparison against pressures measured experimentally at 2 locations per specimen: deep (near the indenter) and superficial (opposite the indenter).
Similar stress distribution patterns can be seen in the Ecoflex 0030 and porcine muscle ( Figures 3B and 4B ) with highest stresses located adjacent to the bony prominence and with a lessening degree farther from the prominence. However, the Ecoflex 0030 material showed much greater stress magnitudes compared with muscle tissue. Experimental data showed good agreement with these trends. Ecoflex 0030 had an average measured peak deep pressure (near the indenter) of 142.5 mm Hg and an average measured peak superficial pressure (opposite the indenter) of 18.0 mm Hg, whereas the porcine muscle demonstrated an average peak deep pressure of 20.0 mm Hg and average superficial peak pressure of 2.4 mm Hg. Figures 3 and 4 provide direct comparisons of the experimental pressures recorded at known locations in the sample at maximum indentation, with the FE model predictions of stress at these same locations. Results suggest that the virtual FE models of indentation provide a good representation of the stress distributions produced Table 3 .
HYPERELASTIC MATERIAL CONSTANTS FOR MUSCLE USED IN FE SIMULATIONS 17
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Note: For this material, D1 = 0.194987E-01 kPa -1 is equivalent to Poisson's ratio M = .495. Figure 5 .
RESULTS OF UNIAXIAL COMPRESSION TESTS ON SILICONE RUBBERS (DRAGON SKIN, ECOFLEX 0010, AND ECOFLEX 0030) COMPARED WITH FINITE ELEMENT SIMULATIONS
by this form of indentation loading in the experimental specimens, for both Ecoflex 0030 and passive porcine muscle. The results described above emphasized pressure as a function of location within the specimen. The FE model results were also compared against experimental data to examine how pressure varied with time at a given location. These results are shown in Figure 6 . As before, the results suggest good agreement between FE simulations and the experimental pressure-time history produced during the indentation tests at ''deep'' and ''superficial'' point locations in the specimen. The results also confirm the finding that indentation of Ecoflex 0030 generated higher pressure magnitudes than did similar indentation of passive porcine muscle.
Linear regression (experiment vs model) of the indentation pressure-time histories showed a high goodness of fit (R 2 = 0.99, P G .05) for both deep and superficial pressure in Ecoflex 0030. A slightly weaker but still significant fit of the porcine muscle model to the data (R 2 = 0.849 and 0.92 for deep and superficial, respectively) was seen. Deep pressure showed a slope near unity for both porcine muscle (1.007) and Ecoflex 0030 (0.987). Superficial pressure data showed slightly more spread in slope values. For Ecoflex 0030, a slope of 0.777 was calculated. The slope value for superficial pressure in porcine muscle was elevated (2.29) , indicating that the model underpredicted the experimental value (0.97 vs 2.42 mm Hg at maximum indentation).
Patient Simulator. The preliminary trial of the simulator prototype revealed a stress distribution pattern similar to that observed in the indentation testing (Figure 7) . When manual pressure was applied over the instrumented sacral region, it was observed that pressures in the deep tissue adjacent to the bony prominence were higher than those recorded in more superficial tissue near the skin surface. It is not 
RESULTS OF PRELIMINARY EXPERIMENTATION WITH PATIENT SIMULATOR PROTOTYPE. PRESSURE IN RELATIONSHIP TO TIME FOR SENSORS LOCATED AT DEEP AND SUPERFICIAL LOCATIONS WITHIN THE PROTOTYPE
possible to make direct comparisons with the pressure magnitudes measured in the indentation experiments, because the depth of the manually applied load was not recorded, and the geometric configuration of the loading environment differed significantly from that of the simplified indentation experiments. However, this preliminary trial demonstrated qualitatively that silicone-based tissue analogs were able to mimic the basic trend of a stress concentration developing in the material in the region of a bony prominence, when subjected to compressive loading.
DISCUSSION
To address the increasing human and financial burden of DTIs, it is crucial to train healthcare workers with the best techniques available to prevent DTI development. It is also necessary to provide researchers with suitable platforms for testing pressure-mitigating products for DTI prevention. Particular attention must be paid to deep tissue stresses in high-risk areas, such as the skin and soft tissue over certain bony prominences associated with the pelvic girdle and lower extremity, because 95% of PrUs are known to occur on the lower half of the body. 19 In this study, the authors characterized mechanical properties of soft tissue analogs capable of generating shear moduli and stress distribution trends similar to biological soft tissue. With these analogs, the authors developed a preliminary patient simulator prototype that could mimic the phenomenon of concentrated stress in deep tissue near a selected bony prominence, the spinous tubercle of the sacrum. The simulator was instrumented to provide real-time feedback on local pressure conditions at different tissue depths. The indentation experiments showed that, while the stress distribution patterns in porcine muscle tissue paralleled those of the Ecoflex 0030 silicone, the stress magnitudes in silicone were substantially higher than those in muscle tissue. The clinical implications of this discrepancy remain to be examined. Limitations of the current simulator prototype also include the fact that the interfaces between the tissue layers (skin-fat, fat-muscle, muscle-bone interfaces) require further development to reflect anatomical structure and that the model ultimately must be validated against biologic tissue representing all tissue components covering a bony prominence.
In the long term, a fully developed and validated simulator, which accurately mimics all the relevant biomechanical complexities of human anatomy, could be used as a research platform for testing the effects of pressure-mitigating products on deep-tissue stresses. It could also be used to educate healthcare professionals on proper positioning techniques for deep pressure relief in the lower body. According to the current National Pressure Ulcer Advisory Panel and European Pressure Ulcer Advisory Panel International Guidelines for the Prevention and Treatment of Pressure Ulcers, 9 repositioning should be utilized for all at-risk individuals. The panels assigned the highest level of evidence (A) to this intervention.
It is well known that biological tissues exhibit viscoelastic mechanical behaviors such as creep, the phenomenon of increasing deformation under constant load. 14Y16,20,21 Although the use of a viscoelastic material as a tissue analog would better capture this biomechanical property of human tissues, it could also incur practical problems with the fabrication of a durable and reusable simulator. For instance, sustained loading could cause viscoelastic materials to deform over time, such that recovery periods may be needed between users to allow the material to return to its original dimensions. Because of these limitations, silicone-based materials were selected as the best tissue analogs for the present study, because they could mimic tissue stiffness without the complicating effects of time-dependent viscoelastic behavior.
All 3 silicone formulations had shear moduli values that fell within the range of biological tissue, and Ecoflex 0030 and porcine muscle demonstrated similar nonuniform stress distribution patterns; however, Ecoflex 0030 showed much higher stress magnitudes than muscle under indentation loading. One of the factors that could contribute to this difference is the large range of values for biological soft tissue. Although the shear modulus of Ecoflex 0030 (22 kPa) fell within the range of passive muscle (Table 1) , it was on the upper limits of this range. In contrast, the shear modulus of porcine muscle, derived from the FE simulation, was found to be on the low end of this range (~1 kPa). This difference in stiffness would account for the higher stress magnitudes produced in Ecoflex 0030 under indentation Biomechanical properties are largely dependent on test conditions. For example, muscle demonstrates shear modulus temperature dependence. 23 In addition, examination of the shear moduli reported in Table 1 shows that passive muscle is much less stiff than active muscle. It has been shown previously that, in the human biceps brachii, there is a linear relationship between shear modulus and muscle load. 22 This means that as the muscle activation increases, its shear modulus increases. This suggests that the Dragon Skin material, although high within the range of the reported shear modulus of relaxed muscle tissues, may be a reasonable analog to the compressive properties of active muscle or even muscle under pathogenesis. 22Y25 Although it had a high shear modulus, it was chosen as the muscle simulant in the patient simulator prototype in order to account for the significant stiffening that occurs under compression in in vivo muscle tissue. 8 Shear moduli of silicone rubbers and biological soft tissues were compared (Tables 1 and 2) because shear modulus gives a sense of the ''feel'' or stiffness of the material. However, in comparing the full stress-strain responses of the silicones with biological materials, there is no perfect match. For example, none of the silicone materials showed the same degree of strain hardening that was observed by Wu et al 26 in their compression tests of skin and adipose tissue. Based on other studies, 27, 28 it is expected that the silicone rubbers would exhibit strain hardening at higher levels of strain, yet this still differs from the strain hardening observed at lower strain levels (0.3Y0.5) in biological tissues. Also significant to this comparison is variation in species and anatomic location from which the biological samples were taken, among the literature studies used for benchmarking. Tissue properties vary from one species to the next. Within a given species, material properties can differ from one location to another or with temperature for the same type of tissue. 23 For instance, the fat that is found in the human foot has a much different composition than fat found in other parts of the body. 29 This could explain discrepancies in strain hardening between the fat data of Wu et al 26 and those of Miller-Young et al. 29 In summary, the biomechanical behavior of human tissues is complex, and results vary widely among studies. Silicones were not able to mimic all the complex features of biological tissue biomechanics, because of their significantly different structure and composition. In the present study, it was found that the tested silicone formulations were able to mimic certain features of tissue biomechanics that are likely to be relevant for future simulator development, such as possessing shear moduli in the range of biological soft tissue and exhibiting similar stress distribution patterns when subjected to indentation loading. Much additional work is needed to examine other biomechanical features, such as material density, appropriate interface properties between different material layers, the influence of fiber orientation on muscle mechanical properties, and the ability of the simulated soft tissues to deform and return to their initial configuration as joints are moved from one position to another.
CONCLUSIONS
This research represents a first step toward development of a preclinical model simulating the biomechanical conditions of stress and strain in deep muscle, because local biomechanical factors are acknowledged to play a role in DTI initiation. 6Y8,34,35 Future research is needed to refine the capacity of preclinical models to simulate biomechanical parameters in successive tissue layers of muscle, fat, dermis, and epidermis typically intervening between bone and support surfaces, for body regions at risk for DTI.
In this study, materials used to simulate soft tissues were evaluated to characterize their behavior and compare with biological soft tissues. Three formulations of silicone were found to have shear moduli within the range of values for soft tissues published in the literature. Pressure at various locations within the tissue was measured to show the nonuniform pressure gradient that develops within the tissue upon force application during indentation-type loading, similar to that which occurs in deep muscle tissue compressed against bony prominences.
Using this knowledge, a preliminary patient simulator prototype was developed. Materials were selected to mimic the mechanical properties of muscle, fat, and skin. The skeleton, molded muscles, skin layer, and simulated fat were assembled, and miniature pressure transducers were used to record local pressures in deep tissue near the spinous tubercle of the sacrum and in superficial tissue, above the spinous tubercle just beneath the skin.
A patient simulator that can mimic the biomechanical aspects of DTI initiation, namely, stress and strain distributions in soft tissues subjected to lifelike mechanical loading conditions, is needed in the wound care industry. This future work will include extensive further development and validation of the device design. Ultimately, future iterations of this device could be used to train healthcare professionals in best practices of lower body position for deep pressure relief, which could greatly reduce the number of patients suffering from DTI. The device would also be an innovative test platform for evaluating the efficacy of products designed to prevent PrUs, such as cushions, mattresses, and dressings.
APPENDIX
Finite element simulations were created using Abaqus software (v6.12-1; Simulia, Providence, Rhode Island). All experiments were modeled as axisymmetric, and elements of type CAX4R (4-node, bilinear, axisymmetric, quadrilateral with reduced integration) were used. A typical FE mesh is shown in Figure 8 . For uniaxial compression test simulation, the bottom surface was constrained in the vertical direction, and the appropriate amount of strain was applied, at the experimental strain rate, for each silicone formulation model. For indentation testing, both the silicone and the porcine muscle samples were constrained along the bottom in the vertical direction and along the left edge in the horizontal direction. Each sample was loaded at a constant rate of 0.5 mm/s for 8 seconds.
Silicone rubber formulations and muscle tissue 17 were modeled as hyperelastic materials. The strain energy potential, U, was defined using the Ogden model 30 (Equation 1):
where i , i , N, and D i are material coefficients, j = J j1/3 j for j = 1,2,3, J is the volume ratio, and j are the principal stretches. Of interest for this work, the shear modulus G can be calculated from the i coefficients as (Equation 2):
where N = 1 for silicone and N = 2 for muscle. 17 The shear modulus was used as one means to compare the mechanical behavior of the various tissue analogs to that of native biological tissues reported in the literature. Poisson ratio, , can be calculated from D 1 and G as (Equation 3) 17,30 :
For additional detail on hyperelasticity, a review is given by Boyce and Arruda. 31 
